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Abstract
Due to their non-deterministic behaviour, renewable energies are defined non-dispatchable and they are largely
coupled with thermal energy storage (TES) systems to overcome the problem of matching energy production and
demand. Hence, interest on TES is growing in energy conservation field, especially while combined with demand
side management (DSM) concept, being DSM the need of shaping the electricity consumption of the final user on the
basis of grid requests. In this work an existing installation of a TES system coupled with heat pumps is presented. A
dynamic simulation model was built up and validated by means of experimental data for the summer season cooling
requirements. The simulations performed were used to show the load shifting potential of such storage and energy
and cost savings were assessed.
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1. Introduction
Environmental protection and sustainable development have recently become of paramount importance
for scarcity of resources, supply problems and global warming effects. Being the building sector one of
the most energy-consuming all over the world, major efforts are necessary to limit this growing energy
request, that accounts for approximately 40% of global energy consumption [1]. In this context heat
pumps are foreseen as efficient devices to provide heating and cooling in buildings, especially if coupled
with the promising concept of demand side management (DSM).
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Demand side management is meant as all those actions aimed at changing the electricity load profile to
optimize the entire power system from generation to delivery to end use, improving power efficiency and
optimizing resources allocation in order to use the electricity most efficiently [2]. In particular DSM can
be implemented by means of, among the others, additional equipment that enables load shaping, such as
thermal energy storage (TES) [3].
In a DSM program, a TES can be used for electric load management in buildings by shifting electrical
heating and cooling demands e.g. from peak periods to off-peak periods. In fact, during off-peak times,
heating or cooling can be generated by electricity, stored in the thermal energy device and then used
during peak-hours in order to flatten the customer’s load profile [4,5,6]. The possibility of storing energy
in a cheap way is extremely important and represents one of the most promising methods for containing
and reducing the costs of energy. In such a context, the TES can be economically competitive as its
behaviour slowly changes and can be mostly predictable.
This paper focuses on the benefits of using a TES system coupled with heat pumps for producing the
heating and cooling load of a real factory in Italy. Demand side management strategies are implemented
by means of dynamic simulations with the aim of reducing energy consumption and costs in cooling
mode for the summer season.
2. Methods
A real case study, represented by a factory in a town of central Italy, was considered. A simulation
model both for the building and for the heating/cooling system (production units and emission system)
was set up using a dynamic simulation software, TRNSYS [7]. The model was first validated by means of
experimental data and then it was run with the aim of pointing out the role of the TES for DSM purposes.
Only the cooling operation of the system was analysed in this paper.
2.1 The sample case
The factory, called “LeafLab”, is a two-storey building consisting of two distinct areas: the factory for
working activities in the inner part of the building and offices placed all around it. Such building was
realized following environment-friendly concepts and it has been equipped with modern technologies.
Main thermo-physical properties of the building envelope are listed in Table 1.
Table 1. Building envelope properties.
Test Building U value [W/(m2K)]
External wall 0.216
Internal wall 0.508
Roof
Windows
0.316
1.29÷1.88
The HVAC (Heating, Ventilation and Air Conditioning) system is composed of chilled beams and air
handling units (AHUs) as emission systems and of three water-to-water heat pumps (HP1, HP2, HP3) as
production units. The AHUs are used for the whole building, including factory and offices, while the
chilled beams are used for the offices area only. They can both work together or separately. Two of the
heat pumps (HP2, HP3), whose nominal cooling capacity is 280 kW each when supplying water at 7°C,
are used for the AHUs. The smaller heat pump (HP1) instead has a cooling capacity of 150 kW when
supplying water at 15°C and it is used for the chilled beams. Their capacity can be regulated on the basis
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of the cooling demand by varying the load at 20-40-60-80-100% of the total capacity. The water source
for the heat pumps is represented by a well at a constant temperature year-round of about 13°C.
An insulated water tank of 460 m3 is used as thermal storage (Table 2). It is buried under the ground
to utmost reduce the heat losses. During the summer the storage tank can be charged by the heat pumps
(HP2, HP3) during off-peak hours, while it can supply cold water to the AHUs when cooling is required
during the working hours.
Moreover, the building is provided with a photovoltaic (PV) panel system, whose nominal power is
236.5 kW, to cover its electricity demand.
Table 2. Tank features
TANK thickness insulation
overall size 12.3x11x3.4 m
walls 25 cm xps polyfoam c350
floor 25 cm xps polyfoam c500
ceiling 26 cm xps polyfoam c500
2.2 The simulation model
A simulation model for the case study building was realized. A conceptual schematic of the TRNSYS
model is shown in Figure 1. The building is divided into 4 zones (2 zones for the offices and 2 zones for
the factory, each one for every floor) and the influences of the internal and external gains on the cooling
loads were taken into account. The indoor air temperature is kept in the range of 24-26oC. Annual weather
data file of Ancona was used for the simulations. A time step of 15 minutes was considered.
Figure 1. Simplified schematic of the simulation model in TRNSYS.
Simulations for both charging and discharging phases were performed. For each phase the aim,
respectively, is to calculate how long the tank needs to be charged and how long the stored energy can
satisfy the cooling demand under different strategies.
Considering the time-based tariffs for the electricity, the possibility of reducing the energy costs by
means of demand load shifting during off-peak hours was analysed. Italian tariffs were taken as reference
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in this evaluation: 0.149 ¼/kWh during off-peak time (from 20:00h to 8:00h) and 0.164 ¼/kWh during
peak time (from 8:00h to 20:00h), taxes included.
3. Results and discussions
3.1 Validation of the model
The charging process of the model was validated by means of experimental data collected during
summer 2014. The experiment was performed during a weekend of July from 19:00h on a Friday onwards
and stopped when the tank temperature reached about 8°C. As it can be seen in Figure 2, the trend of the
tank water temperature and of the heat pump power consumption assessed with the simulation fit pretty
well with the experimental results. It takes around 70 hours to cool down the water tank from its initial
temperature of 28oC to the temperature set point of 5oC. Considering that the system cannot charge the
tank and provide cooling to the building at the same time, the charging process needs to be performed
outside the factoryworking hours, i.e. during weekends or during weekdays night.
(a) (b)
Figure 2. Comparison between experimental and simulated values of tank temperature (a) and HP power consumption (b) during the
charging process.
The total power consumption of the charging process, including the HPs and the circulating pumps
energy demand, was assessed at about 2600 kWh. This electricity can be totally produced by the PV
panels, in fact it was calculated that their production during a typical weekend in summer is of about 2720
kWh.
3.2 Analysis of the system performance
Three different cooling modes were evaluated: i) storage tank discharge to the AHUs while the chilled
beams are off; ii) storage tank discharge to the AHUs while the chilled beams are on; iii) normal
operation with cooling provided by the HPs directly to the AHUs without energy storage system. The
simulations were performed during a typical summer week (average outdoor daily temperature of about
24oC).
Figure 3 presents the water tank temperature and the indoor air temperature in the different building
zones under the cooling mode (i). The cooling system turns on when the indoor temperature is higher than
26oC during the working hours. The AHUs retrieve cold energy from the tank thus making the tank
temperature raising accordingly. Without the assistance of the chilled beams, the energy stored in the tank
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can be used for about 1 week, starting from an initial tank temperature of 5 oC. Moreover, it is evident that
the storage tank is not able to provide sufficient cooling to the AHUs when its temperature is above 18oC,
that means it needs to be recharged.
Figure 3. Trend of the tank temperature and of the air temperature in the building zones (OGF, offices ground floor; OFF, offices
first floor; FGF, factory ground floor; FFF, factory first floor) during tank discharge to the AHUs while the chilled beams are off.
When, instead, in cooling mode (ii) also the chilled beams are working, supplied by well water, the
results show that the energy stored in the tank can be used up to 2 weeks, thanks to the load covered by
the free cooling.
Figure 4 presents a complete charging-discharging process of the tank as it can be during weekdays.
Once the stored energy is used up in the weekdays (i.e. the tank temperature is higher than 18oC), cooling
has to be provided to the tank and the charging process can start on 20:00h on that day when the off-peak
tariff begins. Over one night (from 20:00 to 8:00), the storage tank can be cooled from 18oC to 13oC so
that the tank energy can be used again the following working day. The simulation results show that the
stored thermal energy can be used for 3 days to supply the AHUs while the chilled beams are on.
Figure 4. Temperature and power consumption trend during a complete charging-discharging process of the tank and comparison
with power consumption by heat pumps during normal operation.
The power consumptions are also plotted in figure 4. When the system runs without storage unit, the
HPs need to be always "on" and they are assumed working at their nominal conditions (cooling mode
(iii)). The total energy costs for these two configurations (with and without storage respectively) are
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compared in Table 3. When the system works with storage tank, the energy consumption includes both
the charging phase (HPs and pumps) and discharging phase (only circulating pumps) and it allows to save
the 42% of energy rather than the normal HPs operation. Moreover, due to the time-of-use electricity
tariffs, charging the tank during off-peak hours during the night for the later use can save about 54% of
the energy cost of the cooling process. It demonstrates the great energy- and costs-saving potential of the
storage system used for such DSM purposes. In this specific case, the storage tank was built together with
the building and it was thought as an extension of the tank for the fire system, thus the additional
investment cost are negligible in comparison with the configuration without the TES.
Table 3. Comparison of the energy consumption and energy costs for a charging/discharging process of the tank with normal
operation of the system without the tank.
Energy consumption (kWh)
Energy cost (¼)
Charging phase Discharging/Cooling phase
With storage 598 707 205
Without storage — 2259 448
4. Conclusions
The performance of a building with a thermal storage tank was evaluated for the summer cooling period
by means of dynamic simulations. It was assessed that, with the current design and weather conditions,
the storage tank can be charged completely in 70 hours during the weekend and outside the working hours.
Its capacity is sufficient to supply cold water to the AHUs for one or two weeks, depending on the
contribution of the free cooling in covering the energy demand. PV panels electricity can be used for
producing the necessary energy. Alternatively the tank can be partially charged overnight and its stored
energy is capable of providing cooling to the AHUs for the three following days. Moreover the use of the
TES shows a great energy and costs saving potential compared with normal cooling operation directly
through the heat pumps.
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